OBJECTIVES: Hybrid palliation for hypoplastic left heart syndrome (HLHS) is associated with mortality and late ventricular dysfunction. Increased ventricular workload and coronary perfusion limitation may be the important factors. Using mathematical modelling, this study investigated the effects of differing hybrid configurations on the demands on this single ventricle circulation.
INTRODUCTION
Hypoplastic left heart syndrome (HLHS) is characterized by an under-development of the left-sided structures of the heart. Surgical treatment has developed from the original Norwood procedure employing a modified B-T shunt (systemic artery-pulmonary artery), to using a Sano shunt (right ventricle-pulmonary artery) [1, 2] . A less-invasive alternative, utilized in high-risk patients, is the hybrid procedure [3] . The hybrid maintains ductal patency for systemic supply by either deploying a stent or infusion of prostaglandin E2 and controls the systemic-pulmonary supply ratio with branch pulmonary artery banding (PAB).
Hybrid palliation for HLHS is associated with mortality and late ventricular dysfunction. Increased ventricular workload and limitation of coronary perfusion may be the important factors. In particular, coronary perfusion is vulnerable, with retrograde flow through a hypoplastic aortic arch in the post-hybrid configuration. Mathematical modelling has investigated and validated different configurations of the Norwood repair and the presurgical HLHS circulation [4] [5] [6] [7] . This study models the hybrid procedure to determine the effects of differing external pulmonary banding and ductal stent diameter on the demands on this single ventricle circulation.
MATERIALS AND METHODS
A multicompartmental Windkessel model, using the hydraulicelectric model analogy, was based on published models of the Norwood circulation and native HLHS circulations [4, 6, 7] . The key difference in this study is that the pulmonary resistance is dependent on the external diameter of the PAB, and the systemic supply is via the stented patent Ductus Arteriosus (PDA).
Circulation model
The cardiac chambers are based on a time-varying elastance model. In this study, we adopted the same description of the heart as used in [6] : a linear systolic P-V relationship; an exponential pressure increase during the diastolic filling phase and an activation function (based on time-to-peak systole, T ps , and length of cardiac cycle, T c ) switching between the two. For the systemic and pulmonary circulations compliant components (see electrical analogue circuit diagram, Fig. 1 ), the pressure was determined by assuming a constant compliance.
Flows were calculated using a linear resistance model.
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The valves are modelled as ideal diodes such that there is no flow when the pressure gradient across the valve is reversed. The linear resistance model was also used to describe the necessary atrial septal defect to allow blood flow through the atrial chambers.
Parameter definitions and values for all vasculature components are given in Table 1 , where the compliant chamber of the main pulmonary artery (MPA) is considered the characteristic compliance of the pulmonary circulation. As the model lumps the compliance and resistive effects of the whole circulation into the parameters listed in Table 1 , with no spatial components, the model is considered zero dimensional. As a result, the model is not designed to investigate the effect of varying compliance that could impact an MPA, which is prone to dilatation in the posthybrid phase.
Pulmonary banding
Initially, an appropriate combined resistance value for the PAB and pulmonary characteristic resistance (Fig. 1) was determined to define a reference value for PAB resistance,R band : This was established using the data from a post-hybrid patient undergoing catheterization in anticipation of comprehensive stage-two palliation, calculating the difference between the mean pressures from the MPA and distal to the PAB.
Typical pulmonary perfusion values derived from Shimizu et al. [6] were utilized with the calculated combined resistance value to obtain a value of 3 mmHg s/ml. The characteristic resistance, R cp , was fixed at the value found in the literature [4, 6, 7] . The reference value for the banding resistance was then simply,R band = 3 À R cp . To allow this resistance to vary with the external diameter of PAB (d), a Bernoulli relationship was adopted. Therefore, since the reference value was derived from a patient who received a 3-mm external banding, the banding resistance was scaled by
Stent flow 
Note that the Bernoulli relationship as adopted for PAB diameterdependent resistance is observed. Although this formula has been used for modelling both modified B-T and Sano Norwood configurations, it has not been used for stented ductal flow. Using the data obtained from the test patient it was found that, when compared with the data derived from the model with the same hybrid configuration [d = 3 mm, D = 8 mm], the pressure drop across the ductal stent was larger in the model compared with the patient. Therefore, to employ this shunt equation for stent flow, it had to be scaled appropriately. By setting the shunt diameter to 12 mm, the model output was matched to the clinical mean pressure drop across the stent. Thus, the stent diameter D used in the Migliavacca equation was determined by scaling the actual stent diameter,D, so that D ¼ 1:5 ÁD.
Conservation of flow
The conservation of flow dictates that the change in volume of a compliant chamber must equal the difference of the flow in and out of that specific chamber. This leads to a set of differential equations that are used to determine a solution. By summing all the individual differential equations for the volume of each compliant chamber, it is shown that ðdV T /dtÞ ¼ 0, where V T is the total stressed blood volume defined as:
Thus, the total stressed blood volume is constant and is employed as an input parameter, alongside the diameters d and D, to the model.
Protocols
By defining the input parameters of total stressed blood volume V T , and the band (d) and stent (D) diameters, Euler's method was adopted to solve the set of differential equations using the software package MATLAB (MathWorks, Inc., Natick, MA, USA). Initially, V T was appropriately distributed between the eight compliant chambers, and a sufficient number of heart cycles were simulated to ensure a converged solution.
To allow a valid comparison between the different configurations, initially, the methodology used by Shimizu et al. [6] was adopted. This involved varying the total stressed blood volume to match the mean MPA pressure. The value used, adapted from the original Norwood reference configuration of Shimizu et al., was 58.51 mmHg.
To simulate different configurations of the hybrid procedure and the effect of ductal expansion, the diameters of the PAB and stent were incrementally increased by 0.5 mm from 2.5 to 4 mm, and by 1 mm initially from 7 to 10 mm, respectively.
Following the results and analysis of matching the mean MPA pressure, a second simulation was performed in which each hybrid configuration was compared at multiple fixed cardiac outputs (0.5, 1.0, 1.5, 2.0 and 3.0 l/min). Thus, the total stressed blood volume was varied to maintain cardiac output as opposed to the mean MPA pressure. The cardiac output of 1.73 l/min from the reference configuration of 3-mm external banding and the 8-mm stent from the initial fixed mean MPA pressure data were also matched. Using a body surface area (BSA) value of 0.33 m 2 , this cardiac output results in a cardiac index of 5.24 l/min/m 2 [4] . Following the initial analysis, the clinically important case of a more restrictive stent was simulated for a fixed mean MPA pressure of 58.51 mmHg and a fixed cardiac output of 1.73 l/min. The additional diameters of 4-6 mm were analysed for a 3-mm PAB.
Calculation of arterial and venous saturations and oxygen delivery
To assess oxygen saturation, in addition to the standard circulatory haemodynamics and ventricular energetics, the systemic Units: heart rate (beats/min); periods of cardiac cycle: end-systolic time (s); end-systolic elastance (mmHg/ml); end-systolic pressure-volume relation scaling factor (mmHg); end-diastolic pressure-volume relation exponent (ml −1 ); end-diastolic volume (ml); resistances (mmHg s/ml); compliances (ml/mmHg); stent viscous coefficient (mmHg mm 4 s/ml); stent convective coefficient (mmHg mm 4 s 2 /ml 2 ).
and venous oxygen saturations were determined by:
This is calculated as found in [6] . S pv O 2 is the pulmonary venous oxygen saturation (97%), CVO 2 is the whole-body oxygen consumption (112.12 ml O 2 /min/m 2 ), BSA is the body surface area (0.33 m 2 ) and Hb is the haemoglobin concentration (16 g/dl). The scaling factors 10 dl/l and 1.34 ml O 2 /g were used to maintain the consistency of units. This calculation is possible as the atrial oxygenation is preserved, and the decrease in oxygen content in blood is balanced by the constant whole-body oxygen consumption.
Additionally, we calculate the systemic oxygen delivery, DO 2 , which is the product of the systemic perfusion and the oxygen content, dissolved oxygen is neglected. This is determined by:
RESULTS Simulation 1: fixed mean main pulmonary artery pressure of 58 mmHg Effect of pulmonary artery banding variation. The haemodynamic results of the simulations with a stent diameter of 8 mm are summarized in Table 2 . A decrease in the ductal stent diameter over the range 10-7 mm had a negligible haemodynamic effect. Hence, the results of the reference stent diameter (8 mm) are presented. An increase in the PAB diameter from 2.5 to 4 mm was associated with an increased Q p :Q s (0.61-2.66), predominantly as a result of an increase in pulmonary flow (0.5-2 l/min). In comparison, the systemic perfusion was slightly reduced (0.82-0.77 l/min). The decrease in resistance to pulmonary flow also resulted in an increased diastolic stent backflow (−0.2 to −0.78 l/min), so almost all of the substantial increase in cardiac output found (1.3-2.8 l/min) entered the pulmonary circulation. This is reflected in the increase in ventricular stroke work required to maintain the mean systemic MPA pressure (576-1360 mmHg ml; see the pressure-volume loop of the ventricle in Fig. 2) .
As both the systemic diastolic pressure decreased (48.3-41.2 mmHg) and systolic pressure increased (72.1-79.5 mmHg) when applying looser bands, the pulse pressure in the systemic arteries increased (23.8-38.3 mmHg, Fig. 2A ). This increase in pulse pressure may explain the tendency for central MPA dilatation and aneurysm formation observed following hybrid palliation. Mean distal pulmonary artery pressure increased with larger banding diameter from 7.09 to 26.63 mmHg for 2.5-4.0 mm external band diameter. Arterial and venous saturations also increased, SaO 2 from 62 to 88%, and SvO 2 from 41 to 65%, respectively, with decreasing pulmonary resistance from looser banding.
From this simulation, the optimal configuration that resulted in best systemic oxygen delivery for physiological cardiac output and ventricular workload was an external PAB of 3 mm diameter and a stented ductus arteriosus of 8 mm or greater (as there was no distinguishable benefits or drawbacks to an expanded stent).
Simulation 2: fixed cardiac output
By fixing the cardiac output, it was possible to analyse the effect of PAB diameter change and ductal stent restriction within a defined range of cardiac output parameters. 1.73 l/min was considered the cardiac output appropriate for a 3-kg neonate.
Effect of ductal stent variation. The effect of varying the stent diameter is given in Table 3 and Figs 3A and 4. Essentially, there was minimal haemodynamic effect when the stent diameter was increased >7 mm. Decreasing the stent diameter from 7 to 4 mm increases Q p :Q s (1.17-1.36, Fig. 4A ). Decreasing the stent diameter increases ventricular stroke work (797-910 mmHg ml, Fig. 4C ) and reduced systemic perfusion (0.8-0.73 l/min, Fig. 4B ) and systemic oxygen delivery (135-125 ml O 2 /min, Table 3 ). The mechanical efficiency of the ventricle (stroke work divided by systolic pressure-volume area) decreased with the restrictive stent (74-64%, Table 3 ).
Effect of pulmonary artery banding variation. The effect of PAB diameter change essentially accorded with the finding in Simulation 1; increase in PAB diameter substantially increased Q p :Q s (0.62-2.62, Table 4 ). Within the range of PAB diameter evaluated, in general, systemic flow and oxygen delivery decreased with larger PAB diameters for any given fixed cardiac output ( Fig. 3C and D) . Although arterial saturations increased with larger PAB diameter, systemic oxygen delivery was reduced as a consequence of the overall reduced systemic flow. However, under low cardiac output conditions (<1 l/min), oxygen delivery was reduced by an excessively small (2.5 mm) band (Fig. 4C ). 
DISCUSSION
Hybrid palliation for HLHS is typically employed in situations where Norwood Stage 1 surgery would be prohibitively high risk, such as low-birth-weight neonates or patients with significant co-morbidities. The procedure aims to optimize systemic oxygen delivery within the cardiac output capacity of the neonate. This is achieved by providing an unobstructed pathway to the systemic circulation via a stented ductus arteriosus, and stabilizing a desired Q p :Q s by appropriately sized bilateral PABs. The patient is managed in this configuration until a comprehensive Stage 2 procedure is performed at 4 months or later.
Although satisfactory results have been reported [9] [10] [11] , certain concerns remain. The stented duct can compromise flow in a retrograde direction to the proximal aorta and thus limit coronary and cerebral perfusion, particularly with aortic atresia. Furthermore, banding of the branch pulmonary arteries may limit growth and have implications for future Fontan performance. Of importance is maintaining good ventricular function. Inefficient circulations with excessive stroke work requirements or resistance to blood flow can lead to deteriorating ventricular function and poor clinical outcome [12, 13] . At hybrid palliation, it is not possible to directly measure systemic oxygen delivery or cardiac workload in the theatre Cardiac output fixed at 1.73 l/min. Units: stent diameter (mm); pressures (mmHg); cardiac output, flows, backflow (l/min); systemic oxygen saturations, mechanical efficiency (percentage); systemic oxygen delivery (ml O 2 /min); volumes (ml); stroke work (mmHg ml). setting; therefore, surrogate parameters are used-systemic oxygen saturations, arterial blood pressure, echocardiography of ventricular function and dimension. These can provide a reliable guide, but are limited and compromise the ability to achieve optimal hybrid configuration. Alternatively, pulmonary artery (PA) band dimensions can be arbitrarily defined by patient weight [14, 15] .
Mathematical modelling is capable of concisely representing complex circulations, such as hybrid palliation, and can be used to predict the effect of varying physical parameters. It also provides the opportunity to compare different configurations of surgical options and to predict the outcomes of various surgical strategies. This approach has already been utilized in analysing Norwood and Fontan circulations [4] [5] [6] 16] . This study proposed that modelling of the hybrid circulation, by employing a multicompartmental Windkessel approach, would predict the effect of altering the band and ductal diameters on ventricular demands and cardiovascular haemodynamics, thus identifying the optimal hybrid configuration. The study identified that for the cardiac output capacity of a 3-kg neonate (1.73 l/min), a stent diameter of 8 mm and bilateral pulmonary artery external band diameter of 3 mm provided the best haemodynamic result. This matches the results found clinically [10, 12, 17] .
In this model, Q p :Q s was regulated predominately by the diameter change in the PABs. This required certain assumptions: systemic and pulmonary vascular resistances did not vary, and there is minimal obstruction to systemic flow through the ductus arteriosus. Another limitation of the model was the need to fix certain output parameters to enable valid comparisons. In this study, we maintained two output parameters: mean main pulmonary artery pressure with varying cardiac output (Simulation 1) and fixed cardiac output with varying MPA pressure (Simulation 2). Clearly in the intact neonate, such parameters are not controlled in isolation. Central blood pressure is maintained by an increase in cardiac output and systemic vascular resistance until the workload of the ventricle is exceeded [18] . With these caveats, the study identified important aspects of the hybrid circulation physiology. 
Effect of pulmonary artery banding diameter
The tightness of PAB had the expected influence on the Q p :Q s ratio as found in clinical experience; larger PAB diameters substantially increased Q p :Q s . To maintain the mean systemic pressure at larger PA band diameter, a significant increase in cardiac output and stroke work was required. Despite increased cardiac output, the systemic flow and arterial diastolic pressure decreased due to increased diastolic backflow through the stented duct. This compromised diastolic systemic flow could potentially impact retrograde aortic arch perfusion to the brain and the coronary arteries, the latter of which is predominantly perfused in diastole [19] . The combination of increased ventricular stroke work and reduced coronary diastolic perfusion places the myocardium in a vulnerable situation and may be a factor in late cardiac dysfunction. Clearly, the neonate does not have an infinite capacity to increase cardiac output when faced with inefficient pulmonary overcirculation. With the cardiac output constrained to 1.73 l/min (a 3-kg neonate), as PAB dimension increased the reduction in systemic pressure and flow was more obviously affected. Furthermore, systemic oxygen delivery declined despite the presence of higher arterial oxygen saturation with the increased pulmonary flow.
Effect of ductal stent diameter
The presence of any obstruction with the ductal stent is associated with an adverse clinical outcome. However, the magnitude of obstruction can be difficult to quantify by Doppler or cardiac catheterization as gradients can be reduced with low cardiac output due to impaired ventricular function or as a consequence of flow diversion to the pulmonary circulation. However, this model allowed the examination of ductal stent calibre change under idealized conditions of fixed cardiac output. The study identified a curvilinear relationship between stent diameter and the circulation parameters with an inflection point around 7 mm. The restricted stent, <7 mm, significantly reduced systemic flow and arterial pressure, increased Q p :Q s , and the ventricular workload increased to overcome the greater resistance. This concurs with the clinical experience where stenotic stents or resistance at the ductal level is associated with impaired ventricular function and adverse clinical outcome [11, 20] . A diameter of >7 mm had no substantial haemodynamic effect, indicating that, with an unrestrictive stent, the resistance in the peripheral circulation dominates, and a larger stent has no beneficial effect.
LIMITATIONS
Caution must be exercised in the use of mathematical models. The complex nature of these models and the number of parameters involved mean that it is necessary to fix certain parameters, including systemic and pulmonary vascular resistances. However, within the intact patient, circulatory constants change in a complex, nonlinear manner responding to, and compensating for, different haemodynamic situations. As stated by Tweddell et al. [18] : 'Elevation of [Systemic Vascular Resistance] to maintain blood pressure in the face of decreasing systemic cardiac output is a highly preserved cardiovascular reflex'. Furthermore, ventricular contractility, fixed in this study, will be altered by autonomic reflex or by the administration of pharmaceutical inotropic agents. The influence of altered contractility could be simulated by adjusting the parameter A RV , (the gradient of the maximum elastance line) of the single right ventricle (Fig. 2B) . This adjustment may be used to investigate haemodynamical outcomes in ventricular dysfunction.
In the patient, the left and right PAs typically differ in diameter, length and geometric orientation of branching from the main PA. To accommodate this variation, minor changes in banding configurations may be required between the left and right PAs. The model simplified this by assuming that left and right PAs had similar physical characteristics. This issue would be addressed by the use of three-dimensional modelling or by splitting the pulmonary circuit into its left and right components.
CONCLUSIONS
In this model, increasing the PAB diameter, or a stent diameter <7 mm, substantially increased the single ventricle workload and reduced systemic perfusion and diastolic pressure. This may compromise myocardial oxygen demand-supply, particularly in the setting of retrograde-dependent coronary perfusion. The optimal configuration for physiological parameters for a 3-kg patient was a band diameter of 3 mm and a stent diameter of 7 mm or greater. This was achieved with realistic values in a newborn of a cardiac output of 1.73 l/min and stroke work of 786 mmHg ml.
